NaCT (sodium-coupled citrate transporter) is an Na + -coupled citrate transporter identified recently in mammals that mediates the cellular uptake of citrate. It is expressed predominantly in the liver. NaCT is structurally and functionally related to the product of the Indy (I'm not dead yet) gene in Drosophila, the dysfunction of which leads to lifespan extension. Here, we show that NaCT mediates the utilization of extracellular citrate for fat synthesis in human liver cells, and that the process is stimulated by lithium. The transport function of NaCT is enhanced by lithium at concentrations found in humans treated with lithium for bipolar disorders. Valproate and carbamazepine, two other drugs that are used for the treatment of bipolar disorder, do not affect the function of NaCT. The stimulatory effect of Li + is specific for human NaCT, since NaCTs from other animal species are either inhibited or unaffected by Li + . The data also suggest that two of the four Na + -binding sites in human NaCT may become occupied by Li + to produce the stimulatory effect. The stimulation of NaCT in humans by lithium at therapeutically relevant concentrations has potential clinical implications. We also show here that a single base mutation in codon-500 (TTT → CTT) in the human NaCT gene, leading to the replacement of phenylalanine with leucine, stimulates the transport function and abolishes the stimulatory effect of lithium. This raises the possibility that genetic mutations in humans may lead to alterations in the constitutive activity of the transporter, with associated clinical consequences.
INTRODUCTION
The Indy (I'm not dead yet) gene in Drosophila codes for a plasma membrane transporter that transports various dicarboxylates, such as succinate, as well as the tricarboxylate citrate [1, 2] . Dysfunction of this gene leads to lifespan extension in this organism [3] . During our search for the mammalian orthologue of Drosophila Indy, we have recently identified NaCT (sodium-coupled citrate transporter) in rat and human tissues as a plasma membrane transporter, with functional characteristics similar to those of Indy [4, 5] . NaCT belongs to the sodium dicarboxylate/sulphate cotransporter gene family (SLC13) [6] . Whereas the previously identified mammalian NaDCs (sodium dicarboxylate co-transporters) NaDC1 and NaDC3 recognize only dicarboxylates as substrates, the newly identified NaCT accepts various dicarboxylates as well as the tricarboxylate citrate as substrates. In fact, human NaCT transports citrate much more effectively than succinate. The Na + :substrate stoichiometry for NaCT is 4:1, irrespective of whether the transported substrate is a dicarboxylate or a tricarboxylate (K. Inoue, Y. J. Fei and V. Ganapathy, unpublished work). In contrast, the Na + :substrate stoichiometry for NaDC1 and NaDC3 is 3:1 [6] . Earlier studies have shown that NaDC1 and NaDC3 are inhibited by lithium [6, 7] . Urinary excretion of dicarboxylates is increased significantly in patients undergoing lithium therapy for affective disorders [8] , and inhibition of NaDC1 in the kidney by Li + is believed to be the cause for this phenomenon [9] . Whether there are any consequences of Li + -induced inhibition of NaDC3 during lithium therapy is not known. Since NaCT is structurally and functionally similar to NaDCs, we asked whether the transport function of NaCT is also inhibited by lithium. These studies have led to unexpected findings. Whereas NaCTs from non-human organisms are either inhibited or unaffected by Li + , human NaCT is markedly stimulated by Li + . These studies identify human NaCT as a novel target for lithium action, and have potential clinical implications for individuals who are on lithium therapy for affective disorders. We also show here that NaCT facilitates the utilization of extracellular citrate for lipid synthesis in human liver cells, and that Li + stimulates this process. Furthermore, using rat/human chimaeric NaCTs and site-directed mutagenesis, we demonstrate here that a single base mutation in codon-500 (TTT → CTT) in human NaCT, leading to the replacement of phenylalanine with leucine, stimulates the transport function and abolishes the stimulatory effect of lithium. This raises the possibility that genetic mutations in humans may lead to alterations in the constitutive activity of the transporter, with associated clinical consequences.
MATERIALS AND METHODS

Heterologous expression of NaCTs
NaCT cDNAs, cloned from the human hepatocarcinoma cell line HepG2, rat brain, mouse liver, whole zebrafish and whole Caenorhabditis elegans, were expressed functionally in an HRPE (human retinal pigment epithelial) cell line using the vaccinia virus expression technique, as described previously [4, 5] . The same approach was also used to analyse the function of chimaeric and mutant NaCTs. The transport function of NaCTs was monitored by measuring the uptake of [ 14 C]citrate (Moravek Biochemicals, Brea, CA, U.S.A.), using uptake medium containing 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgSO 4 and 5 mM glucose, buffered with 25 mM Hepes/Tris, pH 7.5. Uptake measurements were made in parallel in cDNA-transfected cells, and in cells transfected with vector alone. The uptake in vector-transfected cells (endogenous activity) was subtracted from the uptake in cDNA-transfected cells to determine the cDNAspecific activity. When the effect of Li + was studied, the uptake medium contained either LiCl or equimolar concentrations of N-methyl-D-glucamine chloride. The Na + -activation kinetics were analysed by measuring the uptake of citrate at increasing concentrations of Na + , with the concentration of N-methyl-Dglucamine chloride adjusted appropriately to maintain the osmolality of the uptake medium. The Hill coefficient (h; the number of Na + ions involved in the activation process) was determined by fitting the data to the Hill equation. A 30 min incubation was used in uptake measurements, since these experimental conditions have been shown to be suitable for measurement of initial uptake rates for NaCTs [4, 5] .
Uptake measurement in human liver cell lines
The human liver cell lines (HepG2 and Huh-7) were cultured to confluence in 24-well culture plates using an appropriate culture medium. The HepG2 cell line was obtained from American Type Culture Collection (A.T.C.C.; Manassas, VA, U.S.A.). The Huh-7 cell line [10] was provided by Dr Barrie P. Bode (St Louis University, St Louis, MO, U.S.A.). Uptake measurements in monolayer cultures of these cells were measured as described above for the heterologously expressed NaCTs. 
Measurement of incorporation
RESULTS AND DISCUSSION
First, we tested the influence of Li + on the transport function of rat NaCT. These studies showed that the activity was indeed inhibited by Li + (Figure 1) . However, when we tested the effect of Li + on the activity of human NaCT, the results were quite unexpected. The transport activity of human NaCT was not inhibited, but stimulated, by Li + (Figure 1 ). Li + caused marked inhibition of citrate uptake via rat NaCT, with an IC 50 of 2.1 + − 0.8 mM. In contrast, Li + stimulated citrate uptake via human NaCT, and the concentration of Li + needed for half-maximal stimulation was 2.1 + − 0.7 mM. The plasma concentrations of Li + in patients treated with lithium are in the range 0.8-2 mM [12] . At a concentration of 2.5 mM, Li + stimulated human NaCT activity 2.4-fold. The stimulatory effect of Li + is associated with an increase in substrate affinity, as well as with a decrease in maximal velocity (Figure 2A ). In the presence of 10 mM Li + , the affinity for citrate increased approx. concentrations of citrate in human blood are in the range 100-150 µM [13] . Therefore, under physiological conditions, the increase in substrate affinity is the primary effect of Li + on cellular entry of citrate via NaCT. Li + cannot support NaCT function in the absence of Na + . The stimulation of human NaCT function by Li + was observed only in the presence of Na + . The stimulatory effect was greater at lower concentrations of Na + , and the effect decreased as the concentration of Na + increased ( Figure 2B ). The stimulation was 3-fold at 140 mM Na + , but the stimulation was 7-fold in the presence of 60 mM Na + . We also analysed the Na + :citrate stoichiometry for the transport process in the presence and absence of Li + by fitting the data from the Na + -activation kinetics to the Hill equation. The Hill coefficient (h), which represents the number of Na + ions involved in the activation process, was 4.5 + − 0.7 in the absence of Li + . This value changed to These data show that there is a species-specific influence of Li + on the activity of NaCT. To analyse this species-specific phenomenon in a broader scope, we cloned the NaCT orthologues from three additional species: mouse, zebrafish and C. elegans. NaCTs from these species also mediate Na + -coupled transport of citrate. We then tested the influence of Li + on the function of these NaCTs (Table 1 ). The transport function of mouse and zebrafish NaCTs was inhibited by Li + , as was rat NaCT. In contrast, NaCT from C. elegans was not affected by Li + . To confirm the stimulatory effect of Li + on human NaCT that was seen with the cloned transporter, we studied the effect of Li + on constitutively expressed NaCT in human liver cells. For this purpose, we used two different human hepatoma cell lines (HepG2 and Huh-7). In both cell lines, the constitutive expression of NaCT was detectable as measured by Na + -coupled uptake of citrate. Li + stimulated this citrate uptake activity in both cell lines (Table 1) .
In addition to lithium, two other drugs, valproate and carbamazepine, are currently used for an effective treatment of bipolar disorder. The activity of human NaCT was not affected by these two drugs at therapeutically relevant concentrations (valproate, 0.6 mM; carbamazepine, 50 µM) ( Table 1 ). The therapeutic plasma levels for valproate and carbamazepine in humans are in the ranges 0.3-0.6 mM and 20-50 µM respectively [14] . Therefore the concentrations of valproate and carbamazepine used in the present study are clinically relevant. The lack of effect of valproate and carbamazepine on human NaCT was also evident with constitutively expressed NaCT in HepG2 cells. These drugs had no effect, not only on human NaCT, but also on NaCTs cloned from other species (Table 1) . Thus among the three widely used mood-stabilizers, only lithium has the stimulatory effect on human NaCT.
NaCT is the first plasma membrane transporter identified in mammals that shows a preference for citrate as a substrate, and operates very effectively under physiological concentrations of citrate in the circulation. Citrate has wide biological functions.
It is not only an intermediate in the citric-acid cycle, and hence a critical substrate for energy production, but is also a source of acetyl-CoA in the cytoplasm for the synthesis of cholesterol and fatty acids. Citrate levels in the cytoplasm also signal the energy status of the cell by serving as a potent inhibitor of phosphofructokinase-1, the rate-limiting enzyme in glycolysis. Since the concentrations of citrate in blood are quite high, the presence of a plasma membrane transporter for citrate will provide the cells with a continuous supply of an additional source of citrate for utilization in metabolic pathways. Therefore the recent identification of NaCT as a plasma-membrane, energy-coupled 'uphill' transporter for citrate in mammals is of great biological relevance. The functional characteristics and the tissue distribution pattern of NaCT support a critical role for this transporter in cellular metabolism. The affinity of human NaCT for citrate is ideal for its role in mediating the cellular entry of citrate from blood (K t approx. 700 µM; citrate levels in human blood, approx. 135 µM). The transporter is expressed predominantly in the liver. It is also expressed in the testis and brain, but at much lower levels. Liver is metabolically very active, especially in the synthesis of cholesterol and fatty acids and in glucose homoeostasis, the biochemical pathways in which citrate has a critical role. In situ hybridization studies show that NaCT mRNA is expressed uniformly in perivenous hepatocytes, as well as in periportal hepatocytes (results not shown). These findings are of interest, considering the metabolic role of citrate in fatty acid synthesis, cholesterol synthesis, glycolysis and gluconeogenesis. Citrate is not only a precursor for the synthesis of fatty acids and cholesterol, but is also a potent inhibitor of phosphofructokinase-1, one of the ratelimiting enzymes in the glycolytic pathway. Therefore citrate is an inhibitor of glycolysis, and a stimulator of gluconeogenesis. These four metabolic processes, namely fatty acid synthesis, cholesterol synthesis, glycolysis and gluconeogenesis, exhibit zonal heterogeneity in the liver. Fatty acid synthesis and glycolysis occur predominantly in the perivenous hepatocytes, whereas cholesterol synthesis and gluconeogenesis occur predominantly in the periportal hepatocytes [15] . The observation that NaCT is expressed in perivenous, as well as periportal, hepatocytes suggests a role for this transporter in all of these metabolic processes, irrespective of the zone-specific occurrence of these processes in the liver.
If NaCT has a role in facilitating the hepatic utilization of extracellular citrate for the synthesis of fatty acids and cholesterol, the results of the present study would suggest that the incorporation of extracellular citrate into lipids would be enhanced by Li + in human liver cells. To test this, we monitored the incorporation of [ 14 C]citrate from extracellular medium into the lipid fraction that is extractable with n-hexane/propan-2-ol in HepG2 cells, and assessed the influence of Li + on the process. The extracted lipid fraction contains triacylglycerols, cholesteryl esters and cholesterol. These studies have shown that Li + markedly enhances the incorporation of citrate into this lipid fraction (Figure 3 ). The stimulation was 2.6 + − 0.1-fold at therapeutically relevant concentrations of Li + (2 mM). There are additional targets for Li + in mammalian cells. Inositol monophosphatase, inositol polyphosphatase and glycogen synthase kinase-3β are considered to be the primary targets for lithium action related to the therapeutic efficacy of lithium in the treatment of bipolar disorder [14, [16] [17] [18] . Of these, glycogen synthase kinase-3β is involved in hepatic energy metabolism. Therefore it is important to establish that the observed Li + -induced increase in the incorporation of extracellular citrate into lipids does not occur through targets other than NaCT. To provide evidence for the involvement of NaCT in this process, we monitored the incorporation of extracellular [
14 C]acetate into lipids in HepG2 cells and assessed the influence of Li + on this process (Figure 3 ). NaCT has no role in the entry of acetate into hepatocytes. Extracellular acetate was incorporated into lipids extractable with n-hexane/propan-2-ol as expected, but Li + did not have any effect on this process. These data show that Li + at therapeutic concentrations enhances the utilization of extracellular citrate in human liver cells for the synthesis of fatty acids and cholesterol specifically via stimulation of NaCT.
To determine the domains in human NaCT that are responsible for the stimulation of transport function by Li + , we made 28 different chimaeric transporters consisting of different regions of human and rat NaCTs, and compared their transport function with that of the parent rat and human NaCTs (results not shown). The results of these studies have shown that replacement of a small region (amino acid positions 496-516) in human NaCT with the corresponding region (amino acid positions 500-520) in rat NaCT stimulated the transport function 5-fold, and that the activity of this chimaeric transporter was not affected by Li + (Figure 4A ). There are only two amino acid differences between human and rat NaCTs in this region (Phe 500 versus Leu 504 , and Thr 516 versus Ala 520 ) ( Figure 4B ). We mutated codon-500 and codon-516 individually in human NaCT to generate the Phe → Leu and Thr → Ala mutants that match the sequence in rat NaCT of this region. The Thr → Ala mutation did not affect the transport activity; nor did it interfere with the Li + -dependent stimulation (results not shown). In contrast,
Figure 4 Structure-function relationship for NaCT
(A) Influence of Li + (10 mM) on the uptake of citrate (20 µM) via wild-type human and rat NaCTs, and the chimaeric transporter in which the region containing the amino acids 496-516 in human NaCT has been replaced with the corresponding region from rat NaCT (shown by the grey-shaded bar). (B) Comparison of the amino acid sequences between human NaCT (amino acids 496-516) and rat NaCT (amino acids 500-520). The amino acids that are different between human and rat NaCTs are identified in bold typeface. (C) Substrate saturation kinetics of wild-type human NaCT (᭹) and the Phe → Leu mutant of human NaCT (᭺) The inset shows an Eadie-Hofstee plot of the same data. (D) Influence of increasing concentrations of Li + on the uptake of citrate (20 µM) via wild-type human NaCT (᭹) and the Phe → Leu mutant of human NaCT (᭺).
the Phe → Leu mutation (TTT → CTT) led to a 3-to 4-fold stimulation of transport activity. Kinetic analysis of the wildtype human NaCT and its Phe → Leu mutant showed that the stimulation of transport function seen with the mutant was due to an increase in substrate affinity, with very little change in maximal velocity ( Figure 2C ). The wild-type human NaCT showed a K t value of 585 + − 87 µM for citrate. The corresponding value for the mutant was 78 + − 8 µM. Thus the Phe → Leu mutant showed a 7-fold increase in substrate affinity. Since a single base-pair change in the codon can bring about this amino acid substitution (TTT → CTT), these findings suggest that genetic mutations in humans have potential to effect marked changes in the constitutive activity of NaCT, and that such changes may influence the role of the transporter in hepatic synthesis of triacylglycerols and cholesterol. Interestingly, the Phe → Leu mutant did not exhibit Li + -sensitivity ( Figure 2D ). The transport function of wild-type human NaCT was stimulated by Li + , whereas the transport function of the mutant, which was about 4-fold higher than that of wild-type NaCT, was not affected by Li + . Since rat NaCT, which possesses leucine at this site, is inhibited by Li + , the finding that the activity of the Phe → Leu mutant of human NaCT is not inhibited by Li + indicates that this region may not represent the Li + -binding site. Furthermore, Li + affects the transport function of human NaCT, not only by increasing the substrate affinity, but also by decreasing the maximal velocity (Figure 2A ). In contrast, the influence of the Phe → Leu mutation is solely on substrate affinity. We predict that, although the domain in human NaCT consisting of the amino acids 496-516 definitely has a critical role in substrate binding, it may not have a direct role in Li + binding. However, this domain appears to interact with the Li + -binding site, thus modifying the influence of Li + on the transport function. Multiple alignment of amino acid sequences of NaCTs from different species using the program 'T-coffee' (http://www.ch.embnet.org/software/TCoffee.html) shows that the amino acid corresponding to Phe 500 in human NaCT is a leucine residue in rat and mouse NaCTs. Interestingly, the corresponding amino acid in zebrafish and C. elegans NaCTs is phenylalanine. Nevertheless, the zebrafish NaCT is inhibited by Li + , whereas that from C. elegans is not influenced by Li + . This agrees with our conclusion that the domain containing this amino acid does not represent the Li + -binding site.
Our studies showing that Li
+ is a potent activator of NaCT at concentrations found in patients treated with lithium for affective disorders have important clinical implications. Interestingly, the activation of NaCT by Li + is seen only with human NaCT. Patients with bipolar disorder are treated effectively with either lithium or other mood stabilizers, such as valproate and carbamazepine. The present study has shown that the activation of human NaCT is seen only with lithium, and not with valproate and carbamazepine. This means that only those patients who take lithium would face the clinical consequences of activation of NaCT function. We hypothesize that patients with affective disorders who are taking lithium may have enhanced synthesis of cholesterol and fatty acids, and consequently exhibit increased risk for hypercholesterolaemia, hyperlipidaemia, hyperglycaemia, obesity and insulin-resistant diabetes.
Inositol monophosphatase, inositol polyphosphatase and glycogen synthase kinase-3β, the currently known targets for Li + , are all enzymes and are inhibited by Li + . Human NaCT is, in contrast, a plasma membrane transporter that is activated, rather than inhibited, by Li + . Human NaCT thus represents the newest, and a novel, target for Li + . NaCT is expressed in the brain, where it is localized in neurons [4] . Therefore, at therapeutic concentrations, Li + can be expected to facilitate the cellular entry of citrate and improve the energy status of the neurons. In addition, brain possesses significant capacity to synthesize cholesterol [19, 20] , and NaCT in neurons may mediate the utilization of extracellular citrate for the synthesis of cholesterol. Thus Li + may facilitate the local synthesis of cholesterol in the brain. However, in spite of these potential physiological functions of NaCT in the brain, it is unlikely that the activation of NaCT by Li + is solely responsible for the therapeutic actions of Li + . Valproate and carbamazepine are equally effective in the treatment of bipolar disorder, but these drugs do not have any noticeable effect on NaCT. On the other hand, the activation of NaCT by Li + in the liver may have significant clinical consequences. There has been some interest in the past in the modulation of carbohydrate metabolism by Li + , but the data are conflicting. Some studies have shown that lithium therapy in humans enhances glucose disposal and improves glucose tolerance [21] , whereas other studies have reported the opposite result, in which lithium therapy led to hyperglycaemia [22] . There is no information on the influence of lithium therapy on blood levels of fatty acids and cholesterol. There is strong evidence, however, that lithium therapy is associated with a significant increase in body weight [23] [24] [25] [26] [27] [28] . Whether the facilitation of fatty acid synthesis in human liver by Li + via NaCT has any relevance to this phenomenon remains to be determined.
The results with the Phe → Leu mutant of human NaCT raise the possibility that genetic mutations in this amino acid position may alter the constitutive activity of the transporter in humans, and consequently influence the hepatic utilization of extracellular citrate for fatty acid and cholesterol synthesis. Individuals with such mutations are likely to exhibit significant alterations in their blood-lipid profile.
